We report on the construction of multiarm colloidal molecules by tip-linking filamentous bacteriophages, functionalized either by biological engineering or chemical conjugation. The affinity for streptavidin of a genetically modified vector phage displaying Strep-tags fused to one end of the viral particle, is measured by determining the dissociation constant, K d . In order to both improve the colloidal stability and the efficiency of the self-assembly process, a biotinylation protocol having a chemical yield higher than 90% is presented to regio-selectively functionalize the cystein residues located at one end of the bacteriophages. For both viral systems, a theoretical comparison is performed by developing a quantitative model of the self-assembly and interaction of the modified viruses with streptavidin compounds, which accurately accounts for our experimental results. Multiarm colloidal structures of different valencies are then produced by conjugation of these tip-functionalized viruses with streptavidin activated nanoparticles. We succeed to form stable virus based colloidal molecules, whose number of arms, called valency, is solely controlled by tuning the molar excess. Thanks to a fluorescent labeling of the viral arms, the dynamics of such systems is also presented in real time by fluorescence microscopy.
streptavidin coated nanoparticles, biotinylated phages self-assemble into colloidally stable multiarm structures, as the affinity of streptavidin for biotin is several orders of magnitude higher than for Strep-tags. Moreover, these multiarm molecules display a tunable valency which can be continuously monitored by varying the relative molar excess of biotinylated phages and streptavidin activated nanoparticles. This approach makes also possible a second chemical functionalization of the phages by their body labeling with fluorescent dyes, allowing for the in situ observation by optical microscopy of their self-assembly into multiarm colloidal molecules. 
and is defined as:
where
bound . Qualitatively, the lower the K d value is, the more stable the complex is and thus the stronger the affinity. In the case of the interaction between biotin and streptavidin protein, K d reaches a value of 10 −15 M, considered the strongest non-covalent bond found in nature. 39 The Histidine-Proline-Glutamine (HPQ) motif is a well-known Strep-tag with however a lower affinity for streptavidin than biotin, typically found in the µM range. 35 However, the affinity of M13AS phage where the HPQ motif is displayed on each of its five p3 proteins, has not yet been determined. Using
Eqs. 1 and 2, let's rewrite K d as a function of an unique variable, the fraction of bound
Thanks to Eq. 5, the M13AS-streptavidin dissociation constant, K d , can be determined by counting by TEM both f (NP ) and n, the average number of viruses per nanoparticle having at least one virus bound (defined also as the valency of the self-assembled structure).
Note that using this model, a precise estimation of K d can only be performed if no steric hindrance limits the binding of viruses to nanoparticles. This means practically that n ≪ q, as experimentally confirmed in Fig. 2 (a) and (b) for which n ≃ 1.5 (see Table I ).
As M13AS viruses are in large excess compared to NP (see Table I ), only the concentrations at equilibrium of free and bound NP as well as the average number of viruses grafted per NP, n, can been counted by TEM on a given sample ([M13AS] f ree being too high to be determined at the same time). In order to determine K d , two specific mixtures of M13AS and streptavidin-coated nanoparticles (Samples 1 and 2, described in Table I ) were realized with different initial conditions, for which the molar excess is introduced, α:
Both mixtures were observed in TEM (Fig. 1 ) and the distributions of the number of viruses grafted per bead is provided in Fig. 2 (a) and (b) for samples 1 and 2, respectively.
The mean values of n and f (NP ) are deduced from these distributions, and consequently 
K d is obtained thanks to Eq. 5. A similar dissociation constant (within the experimental margin of error) K d =6 (± 3) × 10 −6 M is found for both samples (Table I) . This average value is also in good agreement with the one reported in literature for the Histidine-ProlineGlutamine Strep-tag of about 1 µM. 35 The slightly lower binding affinity found in our case can be explained by the following reason: The determination of binding affinity is usually performed with the target compound (here: streptavidin) deposited on a solid surface, whereas our experiments were performed in bulk with dispersions of streptavidin coated
NPs. These NPs not only diffuse slower than molecular streptavidin, but also induce steric hindrance as soon as some viruses are bound making more difficult further binding of other viruses. Nevertheless, this relative high value of the dissociation constant, for which (Table I) , does not allow for a tight and non-reversible binding. A first alternative would be to design a Strep-tag with an affinity in the nM range, providing then a suitable efficiency for high enough initial virus (> 1mg/mL) and bead concentrations.
The second alternative is to work with biotin derivatives (K d ≃ 10 −15 M), which have been chemically grafted at one of the virus tips (see Materials and methods). In order to determine the biotinylation yield of the M13C7C-B phages, sample 3 has been prepared (Table I) , where phages and streptavidin activated nanoparticles have been introduced in similar amount (α ≃ 1,) allowing for their simultaneous counting by TEM (Fig. 1) . Specifically, among a total number of 229 counted viruses, 210 were bound by their tip to nanoparticles and 19 were found free, giving a fraction of bound M13C7C-B of f (M13) = 0.92 and therefore a yield of biotinylation of 92%. It is worth mentioning that the functionalization of the virus tips by biotin is not only efficient, but also highly selective as shown by the absence of any virus based by-products. Moreover, the specificity of the reaction between beads and functionalized phages has been checked by a control experiment with raw M13 viruses, and, as expected no interaction is observed with nanoparticles (see Figure S3 in Supporting Information).
Quantitative Model for the Formation of Virus/NP Structures
Rewriting the expression of K d given in Eq. 5, the fraction of bound nanoparticles f (NP )
can be accounted by the following quadratic equation: 
Eq. 7 can be easily solved analytically to provide f (NP ) for different initial conditions.
The results are plotted in Fig. 3 . When the binding affinity for streptavidin is low, as for M13AS viruses, the self-assembly yield to form multiarm structures (n ≥ 2) remains weak (f (NP ) < 25%), whatever the initial virus and NP concentrations (Fig. 3(a) ). At a fixed value of the dissociation constant K d , only the initial conditions affect the equilibrium, as illustrated by the two experimental data points corresponding to samples 1 and 2, which are in very good agreement with the predictions of the model. Fig. 3(b) shows that strongly increasing the binding affinity favors the formation of multiarm structures, for which a total reaction can be obtained. More importantly, the valency of multiarm self-assemblies can be controlled and tuned only by varying the molar excess α. Finally, an outstanding agreement between our model and sample 3 is found (Fig. 3(b) ), especially considering the absence of any free parameter. In conclusion, our model quantitatively accounts for the self-assembly behavior of our two experimental systems, and it confirms that biotinylated phages are the most suitable one to form multiarm colloidal molecules, as described in the next paragraph. 
Construction of Multiarm Colloidal Molecules
Multiarm colloidal molecules were achieved by preparing four samples of M13C7C-B phages mixed with aqueous dispersions of streptavidin coated nanoparticles (see Materials and methods section). As shown in Fig. 4 and in Supplementary Fig. 4 , the rod-based colloidal molecules are radial structures possessing a single central NP surrounded by up to n = 8 arms formed by tip-linked M13C7C-B functionalized phages. Figure 5 displays the increase of the average valency n of multiarm assemblies when the initial concentration of NP is decreased at a fixed virus concentration. This behavior is quantitatively consistent with our theoretical model, as plotted in Fig. 3(b) where the full symbols represent the four samples of colloidal molecules reported in Fig. 5 . We experimentally confirm that the molar excess is the key-parameter to tune the valency of the self-assemblies. After a linear increase, the average valency n saturates in Fig. 5(b) when it reaches the maximum number of available streptavidin binding sites per bead, q. At this saturated value, n becomes independent of the initial molar excess α (for α ≥ q), as predicted by the model (Fig.   3(b) ). In the results shown in Fig. 5(a) , all samples present a similar distribution of virus populations (except for the lowest average valency n = 2.1 which is asymmetric), whose width, defined as the standard deviation of the corresponding Gaussian fits, is δn ± 2. This width of the average valency is narrow enough to obtain slightly polydisperse (in terms of number of arms) batches of star-like colloidal molecules for the four different prepared samples (corresponding to the four different initial NP concentrations). Thanks to an efficient and regio-selective biochemical functionalization of the M13C7C phages followed by a conjugation with streptavidin activated beads, the large scale production of multiarm structures of well-defined and tunable valency has been achieved. Furthermore, biotinylated phages are an interesting system to work with because of their ability to be twice chemically modified without losing their functionality. We have succeeded in labeling with fluorescent dyes the virus body, targeting mainly the p8 major coat proteins. Labeled M13C7C-B phages can therefore be visualized at the single particle level by optical fluorescence microscopy ( Fig. 6) , allowing for in situ, i.e. at equilibrium, sample observation as shown in the movie presented in Supporting Information. If the structures are identical in shape to those seen by TEM (Fig. 4) , information on the dynamics of the different multiarm structures are here available. Remarkably, some flexibility can be noticed between the arms of the selfassemblies, contrary for instance to multipod structures obtained by crystal growth. 11 This flexibility in the link between bound viruses is distinguishable from the Brownian motion of the multiarm structures themselves. Such in situ observations provide the experimental equilibrium state of virus based multiarm structures.
CONCLUSIONS
In this paper, we have studied the self-assembly of functionalized filamentous viruses into multiarm colloidal structures. First, we used an engineered phage (M13AS), modified at one end to display a polypeptidic sequence (HPQ motif) exhibiting affinity for streptavidin.
We determined the dissociation constant of the system in solution to be K d = 6× 10 −6 M consistent with literature value for this protein tag. In order to strengthen the affinity for streptavidin, a selective and efficient biotinylation protocol of one of the phage tips has been successfully performed. When conjugated with streptavidin activated nanoparticles, these chemically modified phages self-assemble into colloidally stable multiarm structures, whose valency has been continuously tuned from 1 to 8 by varying the molar excess. An additional chemical functionalization of the phage body by fluorescent dyes has been done to optically visualize the multiarm colloidal molecules at the single particle scale and to get in situ information on their dynamics. The results presented here show how regio-functionalized viruses can be used as building blocks for mesostructured materials and for the development of a next generation of rod based colloidal particles.
MATERIALS AND METHODS
M13-AntiStreptavidin phage presents Strep-tags on each of its five p3 proteins localized at one tip. M13AS was kindly provided by S.-W. Lee from the University of Berkeley (USA). M13AS was isolated through the screening of a phage display library and several rounds of selection for streptavidin, with the following inserted sequence on the p3 proteins, identified by DNA sequencing (see Figure S1 in Supporting Information for the complete sequencing): ACHPQGPPCGGGS. 40 The specific motif Histidine-Proline-Glutamine (HPQ), 35 called Strep-tag, is known for its affinity with streptavidin. Large amplification of these phages of molecular weight M w = 1.85 × 10 7 g/mol was performed using standard biological procedures. 41 Before further use, M13AS phages were extensively dialyzed against PBS buffer (pH 7.5, I=20 mM). M13C7C phages were also grown and purified using standard biological protocols.
41
In order to have free thiols available for conjugation with maleimide activated compounds, a reduction step of the disulfide bridges is required. This was done by introducing a reducing agent, as Tris(2-carboxyethyl)phosphine hydrochloride (TCEP, Thermo Scientific) used at a concentration around 2 mM. 42, 43 To prevent any re-oxidization of the free thiols and the reformation of the disulfide bridges, all the reaction process occurred in degassed media and in the presence of 1 mM of ethylenediaminetetraacetic acid (EDTA, Sigma Aldrich). 
